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[57] ABSTRACT

An ultrasound imaging apparatus employs an ultra-
sound sensor arrangement formed by an at least two-di-
mensional sensor matrix and an imaging lens to generate
signals which are used to calculate a true-to-scale, real-
time, three-dimensional image of a subject according to
the pulse-echo principle. A therapy apparatus using
such an ultrasound imaging apparatus as its locating
system is also disclosed.

37 Claims, 5 Drawing Sheets
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1
ULTRASOUND IMAGING APPARATUS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mmvention is directed to an ultrasound
imaging apparatus for producing an ultrasound image of
a subject, and is also directed to a therapy system for
treating a subject (region) located in the body of a pa-
tient with focused acoustic waves, the therapy system
containing an ultrasound imaging apparatus as a locat-
ing system for the region to be treated.

2. Description of the Prior Art

Conventional ultrasound imaging systems usually
produce a two-dimensional image of a subject. Leaving
systems referred to as ultrasound cameras U.S. Pat. No.
5,072,722 out of consideration, the image that 1s pro-
duced in known systems is usually a tomogram of the
subject such as, for example, a B-mode ultrasound

image U.S. Pat. No. 4,526,168. Three-dimensional ultra- -

sound images can usually be produced only with great
complexity, for example by chronologically successive
production of a plurality of ultrasound tomograms cov-
ering different regions of the subject from which the
data for producing a three-dimensional ultrasound
image are then extracted U.S. Pat. No. 5,005,579. Such
a procedure is complicated and time-consuming in com-
parison to the standard ultrasound tomogram imaging
apparatus that supplies real-time images. Therapy sys-
tems for treating subjects (regions) located in the body
of a patient with focused acoustic waves therefore al-
- most exclusively contain ultrasound imaging systems,
which only supply tomograms, as the locating system.

For a more efficient treatment and a treatment that
would be gentler on the patient, however, there i1s a
need to have additional image information with respect
to the subject to be treated available, which would
allow a better alignment of the therapy means and the
body of the patient relative to one another.

SUMMARY OF THE INVENTION

An object of the present invention is to provide an
ultrasound imaging system that allows spatial ultra-
sound images of a subject to be prepared in a simple,
time-saving, and thus economic way.

A further object of the present invention 1s to provide
a therapy system for treating a subject located in the
body of a patient with focused acoustic waves, having
an ultrasound imaging system which supplies additional
image information in comparison to the information
available in conventional therapy systems for a better
alignment of the therapy apparatus and the body of the
patient.

The object pertaining to the ultrasound imaging ap-
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paratus is achieved in accordance with the principles of 55

the present invention in an ultrasound imaging appara-
tus for imaging a subject which includes a source of
acoustic waves which generates pulse-like acoustic
waves converging in a focus, and an acoustic imaging
means whose subject-side focal point lies in the region
of the focus of the acoustic waves. The system further
includes ultrasound sensor means, having an at least
two-dimensional sensor matrix that is arranged in the
region of the image-side focal point of the imaging
means, for generating electrical output signals corre-

sponding to the spatial distribution of the pressure of

those parts of the pulse-like acoustic waves that have
passed through the imaging means and been reflected at
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the subject to be imaged. The system includes image-
generating electronics to which the output signals of the
ultrasound sensor means are supplied and which gener-
ates a true-to-scale, real-time, three-dimensional image
on the basis of the output signals. The image is dis-
played, preferably in perspective or two-dimensionally.

Whereas a multitude of pulse-like acoustic waves
must be transmitted in the case of conventional ultra-
sound imaging apparatus functioning according to the
tomogram principle in order to produce a single-tomo-
gram (the resolution that can be achieved increases with
the plurality of transmitted, pulse-like acoustic waves),
the employment of an at least two-dimensional sensor
matrix in accordance with the invention makes a single
pulse-like acoustic wave adequate, independently of the
resolution of the sensor matrix, to obtain the signals
required for the imaging with respect to that surface
wherein the pressure sensors of the sensor matrix are
located. It is clear that a substantial gain in image-
generating speed is thus achieved. In fact, a three-di-
mensional ultrasound image, given employment of a
two-dimensional sensor matrix according to the inven-
tion and assuming identical acoustic running times can
be produced in essentially the same time as a conven-
tional two-dimensional ultrasound tomogram, so that
three-dimensional ultrasound images can be produced
in real-time. As used herein “ultrasound images pro-
duced in real-time” means ultrasound images that are
produced in such a short time span that the condition
represented in the image essentially coincides—even
given moving subjects—with the current condition of
the subject existing at the end of the imaging. The dura-
tion of the imaging procedure should not substantially
exceed 200 to through 300 ms for medical purposes and
should preferably be approximately 60 ms in terms of
order of magnitude, since the presentation of the subject
is then seen as flicker-free or and free of “jerking” mo-
tion given continuous, immediately succeeding imag-
ing. The image generation can ensue in a way similar to
conventional ultrasound apparatus (for example, time
windowing). The image generation, however, can also
ensue on the basis of a calculating procedure based on
algorithms known from beam optics.

In an embodiment of the invention given the employ-
ment of a two-dimensional sensor matrix, the ultrasound
sensor means is a planar sensor matrix divided into
pressure sensors, which are preferably regularly ar-
ranged, and means for adjusting the distance between
the sensor matrix and the imaging means. The adjust-
ment ensues step-by-step, preferably with a step width
that corresponds to the spacing between two pressure
sensors of the two-dimensional sensor matrix that are
immediately adjacent to one another. This achieves a
measurement of the spatial distribution of the pressure
which ensues at measuring points that are regularly
arranged 1n spatial terms. If an acoustic lens 1s used as
the acoustic imaging means, the adjustment of the dis-
tance between the sensor matrix and the 1imaging lens
can ensue by adjusting the sensor matrix relative to the
imaging lens as well as by adjusting the imaging lens
relative to the sensor matrix. The adjustment preferably
ensues in the direction of the acoustic axis of the imag-
ing lens. |

Whereas a plurality of pulse-like, acoustic waves,
equal to the plurality of steps by which the distance
between the sensor matrix and the imaging lens must be
adjusted, are required when employing a two-dimen-
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stonal sensor matrix for producing a three-dimensional
image of the subject, a single, pulse-like acoustic wave
suffices for producing the three-dimensional image of
the subject 1n the case of a preferred embodiment of the
invention. In this embodiment of the invention, the
ultrasound sensor means is as a three-dimensional sensor
matrix which contains pressure sensors in a preferably
regular spatial arrangement. The acquisition of the spa-
tial distribution of the pressure can thus ensue on the
basis of the reflected parts of a single pulse-like acoustic
wave. Thus the image repetition rate is ultimately up-
wardly limited only by the maximum repetition rate of
the pulse-like acoustic waves in the case of a three-di-
mensional sensor matrix. The employment of a three-di-
mensional sensor matrix also offers the advantage that
the image is free of all motion artifacts, which necessar-
ily occur when more than one pulse-like acoustic wave
is required for producing an image. The employment of
a plurality of pulse-like acoustic waves could at most be
necessary when the subject 1s of such a size that the
produced image exceeds the dimensions of the three-di-
mensional sensor matrix, and thus a displacement of the
sensor matrix and of the subject relative to one another
1s required in order to enable a complete imaging of the
subject. Even 1n this case, however, only a few pulse-
like acoustic waves suffice in order to produce the en-
tire three-dimensional image.

In a further preferred embodiment, the three-dimen-
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acoustic waves. Shockwaves are acoustic pressure
pulses having an extremely steep leading front.

The object of the invention pertaining to a therapy
apparatus 1s inventively achieved in a therapy apparatus
for treating a region located in the body of a patient
with focused acoustic waves which contains a source of
focused acoustic waves and contains an ultrasound im-
aging as described above as is locating system for locat-
g a subject to the treated. The source of focused
acoustic waves generates focused acoustic waves that
serve the purpose of treatment as well as pulse-like
acoustic waves that serve the purpose of imaging. A
mark indicating the momentary position of the focus
zone of the focused acoustic waves that serve the pur-
pose of treatment is mixed into the image. Since the
locating system of the therapy apparatus of the inven-
tion produces a three-dimensional image, additional
information are available in order to align the thereby
apparatus and the body of the patient to be treated
relative to one another, such that an optimum position
of the subject to be treated in the focus zone of the
focused acoustic waves that serve the purpose of treat-
ment 1s achieved. A more effective treatment which is
gentler on the patient is thus possible. Particular advan-
tages are achieved when the focus zone of the focused
acoustic waves serving the purpose of treatment is small
in comparison to the subject to be treated, and acoustic
charging of tissue outside the subject to be treated must

sional sensor matrix can be realized in a technologically 10 D€ avoided. By using the three-dimensional image infor-

simple way in the form of 2 muitilayer arrangement of
polyvinylidene fluoride (PVDF) foils provided with
electrodes, which are piezoelectrically activated and
are subdivided into a plurality of pressure sensors. Such
folls are commercially obtainable and can be easily
provided with electrodes in a known way such that a
two-dimensional sensor matrix is formed. A plurality of
such two-dimensional sensor matrices are then con-
nected, for example by gluing, to form a three-dimen-
sional sensor matrix in the form of a multilayer arrange-
ment.

In order to enable matching to different conditions, it
can be expedient to dislocate the focus of the pulse-like,
acoustic waves relative to the imaging lens. For this
purpose, it 1s provided in a version of the invention that
the imaging lens is as a lens having a variable focal
length, the focal length given the displacement of the
focus of the pulse-like acoustic waves being adjusted
such that the focal point of the imaging lens at the sub-
ject side lies at least essentially in the focus of the pulse-
like acoustic waves.

The 1maging means need not be in the form of a phys-
ically present imaging lens, but can be formed by a
simulation algorithm implemented in the image-produc-
ing electronics. An imaging lens having a variable focal
length can also be simulated by such a simulation algo-
rithm given the use of a physical imaging lens having a
fixed focal length. Such algorithms are known from
beam optics and are based on the fact that, given knowl-
edge of the spatial pressure distribution and of the prop-
agation mode of the reflected parts of the pulse-like
acoustic waves, it is possible without further difficulty
to calculate by applying the law of refraction that pres-
sure distribution, which would arise if an imaging lens
having defined acoustic properties were situated in the
propagation path of the reflected parts.

In a further version of the invention, the source of
acoustic waves generates shockwaves as the pulse-like,
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mation available in the case of the therapy apparatus of
the invention, it is reliably and simply possible to rela-
tively displace the focus zone of the focused acoustic
waves that serve the purpose of treatment and the pa-
tient (or the subject) so that the focus zone exclusively
“scans” the subject to be treated. A significant advan-
tage 1s also that the locating means is capable of produc-
Ing images in rapid succession, so that potential disloca-
tions of the patient, or of the subject to be treated, rela-
tive to the therapy apparatus are immediately seen in
the three-dimensional image information and can thus
be taken into consideration in the therapy.

One version of the invention provides an acoustic
lens that has a region for focusing the acoustic waves
serving the purpose of treatment and a region that forms
the imaging lens. In an economical and structurally
simple way, a single component thus assumes the func-
tions of the focusing device for the focused acoustic
waves serving the purpose of treatment and assumes the
function of the imaging lens.

In a preferred embodiment of the invention the imag-
Ing lens and the ultrasound sensor means form a unit
that can be substituted for the ultrasound head, particu-
larly the sector scanner, of a conventional ultrasound
locating system. It is thus possible to work as needed in
a conventional way using the conventional ultrasound
locating system.

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective schematic illustration of an
imaging system in accordance with the principles of the
present invention.

FIG. 2 i1s a schematic illustration of the ultrasound
sensor arrangement of the imaging apparatus of FIG. 1
as well as the associated image-generating electronics in
the form of a block circuit diagram.

FIG. 3, in an illustration analogous to FIG. 2, shows
a further version of an ultrasound sensor arrangement
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and associated image-generating electronics in accor-
dance with the principles of the present invention.
FIG. 4 1s a schematic illustration of a therapy appara-
tus containing an imaging system of the invention as its
locating system, shown in longitudinal section.

FIG. S shows a further version of the therapy system
of FIG. 4.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The imaging apparatus of FIG. 1 has an acoustic
wave source 1 1n the form of a spherically curved, con-
cave piezoelectric tramsducer which generates pulse-
like acoustic waves converging in a focus F. The outer-
most rays of the source 1 are referenced RS1. The focus
F 1s the center of curvature of the piezoelectric trans-
ducer. The focus F lies on the acoustic axis A of the
arrangement, with respect to which the source 1 is
substantially rotationally symmetric. The source 1 is
fashioned such that a space that is substantially free of
acoustic waves, and is approximately conical, surrounds
the acoustic axis A, as indicted in FIG. 1 by the inner-
most rays RS2 of the acoustic waves emanating from
the source 1. The space free of acoustic waves can be
realized either by providing the source 1, as shown in
FI1G. 1, with a central opening 2, or by no emission of
acoustic waves ensuing in the central region of the
source 1.

An acoustic 1maging means in the form of a lens 3,
whose acoustic axis coincides with the acoustic axis A
of the source 1 i1s arranged in the space free of acoustic
waves. The focal point of the imaging lens 3 lies in the
region of the focus F of the acoustic waves emanating
from the source 1. An ultrasound sensor arrangement 4
1s arranged in the region of the other focal point of the
imaging lens 3. The ultrasound sensor arrangement 4
generates output signals corresponding to the spatial
distribution of the pressure of the parts of the acoustic
waves generated by the source 1 that are reflected at a
subject O and have passed through the imaging lens 3.

The output signals of the ultrasound sensor arrange-
ment 4, whose design shall be set forth in greater detail
in conjunction with FIGS. 2 and 3, are supplied to
image-generating electronics 5, which calculates a true-
to-scale, real-time, three-dimensional image of the sub-
ject 8 on the basis of the output signals of the uitrasound
sensor arrangement 4. This image of the subject 8 is
displaced in perspective or two-dimensionally on a
display monitor 6. | |

It 1s self-evident that acoustic coupling must be estab-
lished between the subject O to be imaged and the
source 1, as well as between the 1maging lens 3 and the
ultrasound sensor means 4. This can be produced, for
example, by disposing the source 1, the imaging lens 3
and the ultrasound sensor arrangement 4, as well as the
subject O to be imaged (which may be an object or a
patient containing the subject O to be imaged) in a bath,
(not shown 1n detail) that contains a liquid, for example
water, as an acoustic propagation medium. It is also
possible to contain the source 1, the imaging lens 3 and
the ultrasound sensor means 4 1n a housing (not shown)
filled with a suitable acoustic propagation medium, the
housing being closed in a known way with a preferably
flexible application membrane that is provided for seat-
ing against the subject O to be 1maged, or an object or
patient that contains the subject O to be imaged.

An electric pulse generator 7 that charges the source
1 with electrical pulses is provided in order to drive the
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6

source 1 in the required way to generate an output of
pulse-like acoustic waves. After being charged with
such a pulse, the source 1 generates an acoustic pressure
pulse that intensifies along its path through the acoustic
propagation medium to form a shockwave. A shock-
wave 1s a pressure pulse having an extremely steep
leading front. The pulse generator 7 is connected to the
image-generating electronics 5 via a trigger line 8 and,
given the arrival of a trigger pulse generated by the
image-generating electronics 5, charges the source 1
with a high-voltage electrical pulse.

The structure of the ultrasound sensor arrangement 4
and the image-generating electronics S is shown in
greater detail in FIG. 2. The ultrasound sensor arrange-
ment 4 in this embodiment is a spatial 4 X4 X4 sensor
matrix that 1s constructed of four piezoelectrically acti-
vated PVDF foils 94 through 94. On its front side in the
illustration, each of the PVDF foils 92-9d is provided
with four strip-shaped column electrodes that proceed
at regular intervals from one another and parallel to one
another. The column electrodes for the PVDF foil 9q
are referenced 10a through 134. Four strip-shaped row
electrodes that respectively proceed at identical inter-
vals from one another and parallel to one another are
applied on the back sides of each of the PVDF foils 9a
through 94. The row electrodes of the PVDF foil 9¢ are
indicated in broken lines and are referenced 14a
through 17a. The row electrodes 14g through 17a pro-
ceed at an angle of 90° relative to the column electrodes
10a through 132 and thus overlap with the column
electrodes 10a through 13z in the regions emphasized
with hatching mn FIG. 1. The PVDF foils 95 through 94
are each provided with column and row electrodes in a
way analogous to the PVDF foil 9a. The row and col-
umn electrodes are preferably metallization strips ap-
plied on the respective PVDF foils. The regions empha-
sized with hatching in FIG. 2 act in a known way as
piezoelectric pressure sensors, whereby the output sig-
nals of the individual pressure sensors can be tapped
between that column electrode and that row electrode
that overlap in the region of the respective pressure
SEnsor. |

The PVDF foils 92 through 94 are preferably con-
nected to one another by gluing to form a multilayer
arrangement with insulating layers (not shown in FIG.
2) therebetween that prevent shorts between electrodes
of neighboring PVDF foils. The arrangement is made
such that a spatially regular arrangement of the pressure

sensors is formed, namely such that the centers of the
pressure sensors lie in the intersections of the grid lines
of a spatially cubic grating.

‘The column electrodes of the PVDF foils 92 through
9d can be connected to ground via a 4:1 analog multi-
plexer 18, such that, counting from the left, either all
first, second, third or fourth column electrodes are at
ground. In order to be able to read out the output sig-
nals of the pressure sensors, moreover, 4:1 analog multi-
plexers 19 through 22 are provided, their inputs being
respectively connected to the row electrodes of one of

the PVDF foils 9a through 94. The outputs of the multi-

plexers 19 through 22 are connected to the inputs of a
further 4:1 analog multiplexer 23 whose output is con-
nected to the input of an amplifier 24. The output signal
of the amplifier 24 is supplied to an analog-to-digital
converter 25. The digital output data thereof are sup-
plied to an electronic calculating and control unit 26
that 1s connected to the monitor 6. The calculating and
control unit 26 also generates the trigger pulses for the
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pulse generator 7 that are supplied thereto via the trig-
ger line 8. Moreover, the calculating and control unit 26
generates clock signals that are supplied via a control
line 27 to a multiplexer controlier 28 that controls the
multiplexers 18 through 23 via control lines 29 through
34.

The drive of the multiplexers 18 through 23 ensues
such that, following the generation of a shockwave
with the source 1 and after expiration of a time span that
approximately corresponds to the running time of the
shockwave from the source 1 to focus F, the output
signals of all pressure sensors are continuously interro-
gated in succession, are converted into digital data with
the analog-to-digital converter 25 and are supphied to
the calculating and control unit 26, wherein the data are
intermediately stored. Based on the data received fol-
lowing the generation of a shockwave, the calculating
and control unit 26 calculates a three-dimensional image
of the subject to be imaged, for example on the basis of
algorithms known from beam optics. This image is ulti-
mately displayed on the monitor 6.

Since the output signals of the sensor matrix arising
due to the reception of the parts of the shockwaves
generated by the source 1 that are reflected at the sub-
ject to imaged are transient signals, it i1s necessary that
the clock frequency with which the read-out of the
output signals of the sensor matrix and of the analog-to-
digital conversion ensues be correspondingly high,
namely in the MHz range.

An increase in the processing speed is possible if the
mulitiplexer 23 is omitted, and each of the multiplexers
19 through 22 is followed by an amplifier and by an
analog-to-digital converter. A further increase in the
processing speed is possible if each of the PVDF foils 9a
through 94 has a plurality of analog-to-digital convert-
ers allocated to it, with one analog-to-digital converter
being responsible for one group of pressure sensors
(being responsible for only a single pressure sensor in
the extreme case).

Instead of a three-dimensional sensor matrix as de-
scribed in conjunction with FIG. 2, a two-dimensional
sensor matrix can be employed according to FIG. 3.
This contains a single PVDF foil 35 provided with
electrodes in a way analogous to FIG. 2. The foil 35 1s
applied on a suitable carrier 36 as schematically shown
in side view in FIG. 3. One of the column electrodes
(which are not visible in FIG. 3) can be connected to
ground via a 4:1 analog multiplexer 38. One of the row
electrode (which are likewise not visible) can be con-
nected via a 4:1 analog multiplexer 39 to an amplifier 40,
whose output signals are supplied to an analog-to-digi-
tal converter 41. The digital output data thereof are
again supplied to an electronic calculating and control
unit 42, to which the monitor 6 is connected. The con-
trol and calculating unit 42 generates the trigger pulses
for the pulse generator 7 that are supplied thereto via
the control line 8. Moreover, the control and calculat-
ing unit generates the control pulses for the multiplexers
38 and 39 that are supplied thereto via control lines 43
and 44.

The read-out of the output signals of the pressure
sensors of the PVDF foil 35 ensues in a way analogous
to that set forth in conjunction with FIG. 2. In order to
nonetheless be able to acquire the spatial distribution of
the pressure of the parts of the shockwave reflected at a
subject to be imaged, even though the PVDF foil 35 is
only a two-dimensional sensor matrix, an adjustment
mechanism 43 is provided which allows the PVDF foil
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35 to be displaced relative to the imaging lens 3 in the
direction of the acoustic axis A, as indicated by the
double arrow x. When, as in the present case, the
PVDF foil 35 represents a regular, two-dimensional
4 X 4 sensor matrix, it is expedient to adjust the PVDF
foil 35 with the adjustment mechanism 43 so that it can
assume four positions, which are selected such that a
spatially regular arrangement of the centers of the pres-
sure sensors arises. These pressure sensors again lie at
the intersections of the grid lines of a spatial, cubic
grating.

The adjustment mechanism 45 is actuated by the
calculating and control unit 42 via a control line 46,
such that the necessarily adjustment to the next position
is completed before the output of a shockwave. The
PVDF foil 35 upon the output of the first shockwave
may be located, for example, in its position farthest from
the imaging lens 3. Proceeding from that position, it will
be adjusted into the position that is next closest to the
imaging lens 3 before the output of the next shockwave,
until it 1s ultimately brought into its position closest to
the imaging lens 3 before the output of the fourth shock-
wave. The output signals for each of these positions are
read out in 2 way analogous to FIG. 2, and are interme-
diately stored in the calculating and control unit 42 after
analog-to-digital conversion. The unit 42 then calcu-
lates the three-dimensional image and causes it to be
displayed on the monitor 6.

As is clear from the above, the ultrasound sensor
arrangement 4 of FIG. 3—by contrast to that of Fl1G.
4—does not allow the three-dimensional image of the
subject to be produced on the basis of the reflected
portions of a single shockwave. On the contrary, a
plurality of shockwaves 1s required, this plurality corre-
sponding in number to the plurality of positions of the
two-dimensional sensor matrix, i.e. of the PVDF foil 35.
Consequently, an imaging system using the ultrasound
sensor arrangement 4 of FIG. 3 must operate more
slowly than an imaging system that contains the ultra-
sound sensor arrangement 4 of FIG. 2. As already set
forth above, however, it is also assured 1n the case of the
version according to FIG. 3 that the three-dimensional
images can be produced in real-time and, thus, substan-
tially faster than in the conventional systems.

FIG. 4 shows a therapy apparatus that contains an
imaging system of the above-described type as its locat-
ing system. The therapy apparatus serves the purpose of
treating a patient with focused acoustic waves, which
are focused shockwaves in the case of the exemplary
embodiment. For example, shockwaves are employed
for non-invasive disintegration of calculi such as, for
example, kidney stones. The therapy apparatus conse-
quently contains a schematically-indicated shockwave
source 47 that, for example, 1s an electromagnetic
shockwave source of the species disclosed by European
Application 0 188 750. The shockwave source 47 gener-
ates planar shockwaves that are focused with an acous-
tic positive lens 48 onto a focal zone referenced FZ. In
order to be able to align the therapy apparatus and the
body of a patient relative to one another such that a
subject, for example, a kidney stone, to be charged with
the generated shockwaves is located in the focal zone
FZ of the shockwaves, the therapy apparatus contains
an ultrasound locating system which, as already men-
tioned, is an imaging apparatus of the type set forth
above. For generating the pulse-like acoustic waves
required for imaging, however, no separate source for
generating such waves is provided. On the contrary, the
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electrical pulse generator 7 is fashioned such that it
charges the shockwave source 47 with high-intensity
current pulses for generating shockwaves that serve
therapeutic purposes and charges the shockwave source
47 with lower-intensity current pulses for generating
shockwaves for the purpose of imaging. The corre-
sponding switching ensues via a control line 49 connect-
ing the pulse generator 7 to control electronics 50 that
simultaneously contains the image-generating electron-
iCs.

The shockwave source 47 has an annular shape and
consequently has a central opening in which the ultra-
sound sensor arrangement 4 is accepted, in a space free
of shockwaves.

As a consequence of the space free of shockwaves,
the possibility is present of fashioning the central region
of the positive lens 48 as an imaging lens 3. The positive
lens 48 and the imaging lens 3 thus form a single, shared
lens body §1. The imaging lens 3 is shaped such that its
focal point F at the subject side lies in the center of the
focal zone FZ.

The control unit 50 mncludes a switch 58 with which
the therapy apparatus can be optionally switched to a
locating mode or a therapy mode. During the locating
mode, the control unit SO drives the pulse generator 7
such that it exclusively generates low-intensity shock-
waves. The images produced with reference to the parts
of the low-intensity shockwave refiected at the subject
to be treated are displayed on the monitor 6, and the
control unit 50 mixes a mark ¥’ into the images which
indicates the position of the center of the focal zone FZ.
During the locating mode, the therapy means is aligned
relative to the body B of a patient to be treated such that
the image of the subject to be treated, for example the
calculus S of a kidney K, coincides with the mark F'. In
this case, the calculus S is located in the region of the
focal zone FZ, as shown in FIG. 4.

When the desired alignment is assured, the switch 58
can be switched to the therapy mode. During the ther-
apy mode, one or more high-intensity shockwaves are
generated 1n alternation with one or more low-intensity
shockwaves 1 order to achieve the desired therapeutic
effect, for example the disintegration of the calculus S.
An image of the region S to be treated is produced and
displayed on the monitor 6 by emitting at least one
low-intensity shockwave following every high-intensity
shockwave, or following a pre-selectable plurality of
high-intensity shockwaves. A continuous monitoring of
the treatment is possible in this way. The shockwave
source 47 the lens body 51 forming the positive lens 48
and the imaging lens 3 and the sensor means 4, more-
over, are accepted 1n a housing that is filled with a
suitable acoustic propagation medium, for example wa-
ter, and is closed liquid-tight at its application end with
a flexible coupling membrane 53. The coupling mem-
brane 83 serves the purpose of pressing the therapy
apparatus against the body B of the patient for acoustic
coupling, as shown in FIG. 4.

The therapy apparatus shown in FIG. 5 differs from
that set forth above in that the positive lens 48 also has
a central opening aligned with the shockwave source
47. A tube 54, that 1s connected liquid-tight to the hous-
ing 52 extends through this central opening. An imaging
head 53 filled with a satiable acoustic propagation me-
dium and containing the imaging lens 3 as well as the
ultrasound sensor arrangement 4 can be optionally in-
troduced therein. When a switch 56 provided between
the ultrasound sensor arrangement 4 and the control
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unit S0, is in the illustrated position and when the imag-
Ing head 55 is introduced into the tube 54, the therapy
apparatus can be operated in the way set forth in con-
junction with FIG. 4. When the switch 56 is brought
into its other position and an ultrasound sector applica-
tor 57 having the same dimensions is introduced into the
tube 54 instead of the imaging head 55, conventional
B-mode ultrasound images are produced instead of the
three-dimensional ultrasound images, and are displayed
on the monitor 6.

The imaging lens 3 is only shown with broken lines in
the case of FIG. 5. This is intended to illustrate the
possibility of omitting the imaging lens 3 and simulating
it by an algorithm implemented in the image-generating
electronics. This possibility exists not only in the case of
the therapy apparatus of FIG. 5 but also given the em-
bodiments of FIGS. 1 through 3 and 4.

The 4 X 4 X 4 sensor matrix, or the 4 X4 sensor matrix
that can be brought in four positions, which have been
set forth in conjunction with exemplary embodiments
are only by way of example. Higher resolutions are
possible without further difficulty, whereby the multi-
plexer arrangement required for the read-out of the
output signals of the pressure sensors can be easily
adapted to the necessary resolution.

In the exemplary embodiments that have been set
forth, the three-dimensional image is caiculated by the
calculating and control unit 26. However, there is also
the possibility—similar to conventional ultrasound
equipment—of generating a three-dimensional image by
time-windowing of the output signals of the sensor
matrix.

The exemplary embodiments that relate to the ther-
apy apparatus refer to the treatment of a patient with
focused shockwaves. It is clear that therapy systems
which emit different, focused acoustic waves for differ-
ent treatment purposes, for example, ultrasound waves
in the case of hyperthermia, can be similarly equipped in
accordance with the principles of the present invention.

Although modifications and changes may be sug-
gested by those skilled in the at, it is the intention of the
inventors to embody within the patent warranted
hereon all changes and modifications as reasonably and
properly come within the scope of their contribution to
the art.

We claim as our invention:

1. An ultrasound apparatus comprising;:

means for generating a pulse-like acoustic wave con-

verging a focus at a subject, resulting in an acoustic
wave being reflected by said subject;

acoustic 1maging means disposed for imaging said

acoustic wave reflected from said subject, said
acoustic 1maging means having a focal point at a
side thereof facing said subject disposed in the
region of said focus of said acoustic wave, and said
acoustic lmaging means having a further focal
point at a side thereof facing away from said focus
of said acoustic wave;

ultrasound sensor means, having an at least two-di-

mensional sensor matrix formed by a plurality of
pressure sensors disposed in at least one plane in the
region of said further focal point of said acoustic
imaging means, for generating electrical output
signals corresponding to the spatial distribution, in
a plane containing Said pressure sensors, of the
pressure of said acoustic wave reflected by said
subject and passing through said acoustic imaging
means;
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signal processing means, responsive to said electrical
output signals, for generating a true-to-scale, real-
time, three-dimensional image of said subject from
said electrical output signals; and

display means for displaying said image.

2. An ultrasound apparatus as claimed in claim 1
wherein said display means comprises means for dis-
playing said image in perspective.

3. An ultrasound apparatus as claimed in claim 1
wherein said display means comprises means for two-
dimensionally displaying said image.

4. An ultrasound apparatus as claimed in claim 1
further comprising means for adjusting a distance be-
tween said sensor matrix and said means for imaging.

5. An ultrasound apparatus as claimed in claim 4
wherein said ultrasound sensor means comprises a pla-
nar sensor matrix subdivided into a plurality of pressure
sensors regularly disposed within said sensor matrix.

6. An ultrasound apparatus as claimed in claim 1
wherein said ultrasound sensor means comprises a
three-dimensional sensor matrix containing a three-di-
mensional arrangement of a plurality of pressure sen-
SOTS.

7. An ultrasound apparatus as claimed in claim 6
wherein said ultrasound sensor means comprises a
three-dimensional sensor matrix containing a regular,
three-dimensional arrangement of said plurality of pres-
Sure Sensors.

8. An ultrasound apparatus as claimed in claim 6
wherein said three-dimensional sensor matrix comprises
a plurality of layers of polyvinylidene fluoride foils,
each foil subdivided into a plurality of piezoelectric
pressure sensors, and each foil having a plurality of
electrodes thereon forming electrodes for the respective
piezoelectric pressure sensors.

9. An ultrasound apparatus as claimed in clam 1
wherein said means for generating said pulse-like acous-
tic waves comprises means for generating pulse-like
acoustic waves converging at a focus which is displace-
able relative to said means for imaging, and wherein
said means for imaging comprises an acoustic lens hav-
ing a variable focal length, and means for varying said
focal length of said acoustic lens such that said focal
point of said acoustic imaging means at said subject
remains substantially coincident with said focus of said
acoustic waves.

10. An ultrasound apparatus as claimed in claim 1
wherein said acoustic imaging means comprises elec-
tronic means for simulating an imaging lens by a simula-
tion algorithm.

11. An ultrasound apparatus as claimed in claim 1
wherein said means for generating pulse-like acoustic
waves comprises means for generating pulse-like shock-
waves.

12. An ultrasound apparatus as claimed in claim 1
wherein said acoustic 1maging means comprises an
acoustic lens.

13. An ultrasound apparatus as claimed in claim 1
further comprising means for operating said means for
generating said pulse-like acoustic waves to additionally
generate acoustic therapy waves converging at a focal
Zone.

14. An ultrasound apparatus as claimed in claim 13
wherein said means far generating pulse-like acoustic
waves comprises means for generating pulse-like shock-
waves.

15. An ultrasound apparatus as claimed in claim 13
further comprising means for mixing a mark into said
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image on said means for displaying indicating a current
position of said focal zone of said acoustic therapy
waves.

16. An ultrasound apparatus as claimed in claim 13,
wherein said acoustic therapy waves are pulse-like
waves.

17. An ultrasound apparatus comprising:

a source of a pulse-like acoustic wave;

switchable means for selectively operating said

source to generate a pulse-like acoustic imaging
wave or acoustic therapy waves;
acoustic lens means, disposed between said source
and a subject, for focusing said pulse-like acoustic
imaging wave and said pulse-like acoustic therapy
waves at a focus 1n said subject, resulting in an
acoustic imaging wave being reflected by said sub-
ject, and for imaging said acoustic imaging wave
reflected from said subject, said acoustic lens
means having a focal point at a side thereof facing
away from said subject; |

ultrasound sensor means, having an at least two-di-
mensional sensor matrix formed by a plurality of
pressure sensors disposed in at least one plane 1n the
region of sald focal point of said acoustic lens
means, for generating electrical output signals cor-
responding to the spatial distribution, in a plane
containing said sensors, of the pressure of said
acoustic imaging wave reflected by said subject
and passing through said acoustic lens means;

signal processing means, responsive to said electrical
output signals, for generating a true-to-scale, real-
time, three-dimensional image of said subject from
said electrical output signals; and

display means for displaying said image.

18. An ultrasound apparatus as claimed in claim 17
further comprising:

a housing containing said source of pulse-like acous-

tic waves and said acoustic lens means and having
a cavity therein adapted to receive a standard ultra-
sound sector applicator, and wheren said ultra-
sound sensor means includes an ultrasound sensor
means housing, in which said sensor matrix 1s dis-
posed, having a shape conforming to said cavity.

19. An ultrasound apparatus as claimed in claim 17
wherein said display means comprises means for dis-
playing said image in perspective.

20. An ultrasound apparatus as claimed in claim 17
wherein said display means comprises means for two-
dimensionally displaying said image.

21. An ultrasound apparatus as claimed in claim 17
further comprising means for adjusting a distance be-
tween said sensor matrix and said means for imaging.

22. An ultrasound apparatus as claimed in claim 21
wherein said ultrasound sensor means comprises a pla-
nar sensor matrix subdivided into a plurality of pressure
sensors regularly disposed within said sensor matrix.

23. An ultrasound apparatus as claimed in claim 17
wherein said ultrasound sensor means comprises a
three-dimensional sensor matrix containing a three-di-
mensional arrangement of a plurality of pressure sen-
SOTS.

24. An ultrasound apparatus as claimed in claim 23
wherein said ultrasound sensor means comprises a
three-dimensional sensor matrix containing a regular,
three-dimensional arrangement of said plurality of pres-
SUre Sensors.

25. An ultrasound apparatus as claimed in claim 23
wherein said three-dimensional sensor matrix comprises
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a plurality of layers of polyvinylidene fluoride foils,
each foil subdivided into a plurality of piezoelectric
pressure sensors, and each foil having a plurality of
electrodes thereon forming electrodes for the respective
plezoelectric pressure sensors.
26. An ultrasound apparatus as claimed in claim 17
wherein said means for generating pulse-like acoustic
waves comprises means for generating pulse-like shock-
waves.
27. An ultrasound apparatus as claimed in claim 17
further comprising means for mixing a mark into said
image on said means for displaying indicating a current
position of said focal zone of said acoustic therapy
waves.
28. An ultrasound apparatus as claimed in claim 17,
wherein said lens means comprises a first region for
focussing said acoustic therapy waves and a second
region for focussing said acoustic imaging waves.
29. An ultrasound apparatus as claimed in claim 17,
wherein said acoustic therapy waves are pulse-like
waves.
30. An ultrasound apparatus comprising:
means for generating a pulse-like acoustic wave con-
verging at a focus at a subject, resulting in an
acoustic wave being reflected by said subject:

acoustic imaging means disposed for imaging said
acoustic wave reflected from said subject, said
acoustic imaging means having a focal point at a
side thereof facing said subject disposed in the
region of said focus of said acoustic wave, and said
acoustic 1maging means having a further focal
point at a side thereof facing away from said focus
of said acoustic wave;

ultrasound sensor means, having a two-dimensional

planar sensor matrix formed by a plurality of pres-
sure sensors disposed 1n the region of said further
focal point of said acoustic imaging means, for
generating electrical output signals corresponding
to the spatial distribution of the pressure of said
acoustic wave reflected by said subject and passing
through said acoustic imaging means;

means for adjusting a distance between said sensor

matrix and said means for imaging;

signal processing means, supplied with said electrical

output signals, for generating a true-to-scale, real-
time, three-dimensional image of said subject from
said electrical output signals; and

display means for displaying said image.

31. An ultrasound apparatus as claimed in claim 30
wherein said ultrasound sensor means comprises a pla-
nar sensor matrix subdivided into a plurality of pressure
sensors regularly disposed within said sensor matrix.

32. An ultrasound apparatus comprising;:

means for generating a pulse-like acoustic wave con-

verging at a displaceable focus at a subject, result-
ing 1In an acoustic wave being reflected by said
subject;

acoustic lens disposed for imaging said acoustic wave

reflected from said subject, said acoustic lens hav-
ing a focal point at a side thereof facing said subject
disposed in the region of said focus of said acoustic
wave, and said acoustic lens having a further focal
point at a side thereof facing away from said focus
of said acoustic wave, said acoustic lens having a
variable focal length;

means for varying said focal length of said acoustic

lens such that said focal point of said acoustic lens
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at said subject remains substantially coincident
with said focus of said acoustic waves:;

ultrasound sensor means, having an at least two-di-
mensional sensor matrix disposed in the region of
said further focal point of said acoustic lens, for
generating electrical output signals corresponding
to the spatial distribution of the pressure of said
acoustic wave reflected by said subject and passing
through said acoustic lens;

signal processing means, supplied with said electrical
output signals, for generating a true-to-scale, real-
time, three-dimensional image of said subject from
said electrical output signals; and

display means for displaying said image.

33. An ultrasound apparatus comprising:

means for generating a pulse-like acoustic wave con-
verging at a focus at a subject, resulting in an
acoustic wave being reflected by said subject;

electronic means for simulating an imaging lens by a
simulation algorithm for imaging said acoustic
wave reflected from said subject, said simulated
imaging lens having a focal point at a side thereof
facing said subject in the region of said focus of said
acoustic wave, and said simulated imaging lens
having a further focal point at a side thereof facing
away from said focus of said acoustic wave;

ultrasound sensor means, having an at least two-di-
mensional sensor matrix disposed in the region of
said further focal point of said simulated imaging
lens, for generating electrical output signals corre-
sponding to the spatial distribution of the pressure
of said acoustic wave reflected by said subject and
passing through said acoustic imaging means;

signal processing means, supplied with said electrical
output signals, for generating a true-to-scale, real-
time, three-dimensional image of said subject from
said electrical output signals; and

display means for displaying said image.

34. An ultrasound apparatus comprising:

means for generating a pulse-like acoustic wave con-
verging at a focus at a subject, resulting in an
acoustic wave being reflected by said subject;

acoustic imaging means disposed for imaging said
acoustic wave reflected from said subject, said
acoustic Imaging means having a focal point at a
side thereof facing said subject disposed in the
region of said focus of said acoustic wave, and said
acoustic imaging mean$ having a further focal
point at a side thereof facing away from said focus
of said acoustic wave;

ultrasound sensor means, having an at least two-di-
mensional sensor matrix disposed in the region of
sald further focal point of said acoustic imaging
means, for generating electrical output signals cor-
responding to the spatial distribution of the pres-
sure of said acoustic wave reflected by said subject
and passing through said acoustic imaging means;

signal processing means, supplied with said electrical
output signals, for generating a true-to-scale, real-
time, three-dimensional image of said subject from
said electrical output signals;

display means for displaying said image; and

means for mixing a mark into said image on said
means for displaying for indicating a current posi-
tion of said focal zone of said acoustic therapy
waves.

35. An ultrasound apparatus comprising:

a source of a pulse-like acoustic wave;
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switchable means for selectively operating said
source of pulse-like acoustic wave to generate a
pulse-like acoustic imaging wave or a acoustic
therapy wave;

acoustic lens means, disposed between said source of 5

pulse-like acoustic wave and a subject, for focusing
said pulse-like acoustic imaging wave and said
pulse-like acoustic therapy,,wave at a focus in said
subject, resulting in acoustic imaging wave being
reflected by said subject, and for imaging said
acoustic imaging wave reflected from said subject,
said acoustic lens means having a focal point at a
side thereof facing away from said subject;

ultrasound sensor means, having a two-dimensional
planar sensor matrix formed by a plurality of pres-
sure sensors disposed in the region of said focal
point of said acoustic lens means, for generating
electrical output signals corresponding to the spa-
tial distribution of the pressure of said acoustic
wave reflected by said subject and passing through
sald acoustic lens means;

means for adjusting a distance between said sensor

matrix and said means for imaging;

signal processing means, supplied with said electrical

output signals, for generating a true-to-scale, real-
time, three-dimensional image of said subject from
said electrical output signals; and

display means for displaying said image.

36. An ultrasound apparatus as claimed in claim 35
wherein said ultrasound sensor means comprises a pla-
nar sensor matrix subdivided into a plurality of pressure
sensors regularly disposed within said sensor matrix.
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37. An ultrasound apparatus comprising:
a source of a pulse-like acoustic wave;
switchable means for selectively operating said

source of pulse-like acoustic wave to generate a
pulse-like acoustic Imaging wave or acoustic ther-
apy wave;

acoustic lens means, disposed between said source of

pulse-like acoustic wave and a subject, for focusing
said pulse-like acoustic imaging wave and sad
pulse-like acoustic therapy wave at a focus 1n said
subject, resulting in acoustic imaging wave being
reflected by said subject, and for imaging said
acoustic imaging wave reflected from said subject,
said acoustic lens means having a focal point at a
side thereof facing away from said subject;

ultrasound sensor means, having an at least two-di-

mensional sensor matrix disposed in the region of
said focal point of said acoustic lens means, for
generating electrical output signals corresponding
to the spatial distribution of the pressure of said
acoustic wave reflected by said subject and passing
through said acoustic lens means;

signal processing means, supplied with said electrical

output signals, for generating a true-to-scale, real-
time, three-dimensional image of said subject from

said electrical output signals;
display means for displaying said image; and
means for mixing a mark into said image on said

means for displaying for indicating a current posi-
tion of said focal zone of said acoustic therapy

Waves.
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